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Stat3 Controls Cell Movements
during Zebrafish Gastrulation
by the maternal Wnt/-catenin pathway through a dor-
salizing signal mediated by a homeodomain protein
called Dharma (Dha)/Bozozok (Boz) and a mesendo-
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derm-inducing signal mediated by the Nodal-relatedand Toshio Hirano1,3
protein Squint (Sqt; Hirano et al., 2001; Schier, 2001;1Department of Molecular Oncology (C-7)
Schier and Talbot, 2001; Solnica-Krezel and Driever,Osaka University Graduate School of Medicine
2001). Dorsal mesoderm cells derived from the organizer2-2 Yamada-oka
give rise to the notochord posteriorly and the prechordalSuita Osaka 565-0871
plate anteriorly (Gritsman et al., 2000). The anterior dor-Japan
sal mesodermal cells appear to be highly motile and are2 Developmental Genetics Program
thought to undergo active cell migration during zebrafishSkirball Institute of Biomolecular Medicine
gastrulation (Solnica-Krezel et al., 1995). Integrin signal-Department of Cell Biology
ing has been implicated in this process. In amphibiansNew York University School of Medicine
and mice, mesodermal cells migrate anteriorly on anNew York, New York 10016
extracellular matrix containing fibronectin, which is se-
creted by the ectodermal cells. The mesodermal cells
are thought to adhere to the fibronectin through integrinsSummary
(Boucaut et al., 1984; Darribere et al., 1990; George et
al., 1993; Yang et al., 1993). Focal adhesion kinase (FAK),Vertebrate axis formation requires both the correct
which mediates integrin signaling, is also involved in thespecification of cell fates and the coordination of gas-
migration of mesodermal cells during gastrulation (Ilictrulation movements. We report that the zebrafish sig-
et al., 1995).nal transducer and activator of transcription 3 (Stat3)
While prechordal plate precursors appear to activelyis activated on the dorsal side by the maternal Wnt/
migrate, notochord progenitors and their paraxial neigh--catenin pathway. Zebrafish embryos lacking Stat3
bors, which will give rise to somitic mesoderm, appearactivity display abnormal cell movements during gas-
to undergo convergence and extension movements. Intrulation, resulting in a mispositioned head and a
zebrafish and amphibians, the cells of the axial andshortened anterior-posterior axis, but show no defects
paraxial mesodermal tissues narrow in the mediolateralin early cell fate specification. Time course analysis,
dimension (convergence) and lengthen anteroposteri-cell tracing, and transplantation experiments revealed
orly (extension). Convergence and extension occur inthat Stat3 activity is required cell autonomously for
part by mediolateral cell intercalation. This rearrange-the anterior migration of dorsal mesendodermal cells
ment of cells along the mediolateral axis produces anand non-cell autonomously for the convergence of
array that is narrower in this axis and longer in the ante-neighboring paraxial cells. These results reveal a role
roposterior axis (Warga and Kimmel, 1990). In frog tissuefor Stat3 in controlling cell movements during gastru-
explants, mesodermal cell intercalation is driven by bi-lation.
polar, mediolaterally directed protrusive activity, which
appears to exert traction on adjacent cells and pulls theIntroduction
cells between one another (Keller et al., 2000).
Several lines of evidence implicate noncanonical WntVertebrate gastrulation involves the fate specification
signaling in the regulation of the polarized cell morphol-
and coordinated movement of large populations of cells
ogy and mediolateral cell intercalation underlying the
that give rise to the ectodermal, mesodermal, and endo-
convergent extension movements. The zebrafish silber-
dermal germ layers. In gastrulating zebrafish embryos, blick (slb, wnt11) and knypek (kny, glypican, a positive
three morphogenetic movements can be distinguished: modulator of Wnt signaling) mutants exhibit shortened
epiboly, internalization, and convergent extension (Warga embryonic axes (Heisenberg et al., 1996; Solnica-Krezel
and Kimmel, 1990; Solnica-Krezel et al., 1995; Carmany- et al., 1996). Importantly, these genes are required for
Rampey and Schier, 2001). The coordinated effects of the mediolateral cell intercalation that mediates exten-
these movements result in the formation of the embry- sion, but they do not alter cell fates (Heisenberg et al.,
onic axes at the end of gastrulation. The molecules con- 2000; Topczewski et al., 2001). The Wnt signaling that
trolling these tissue rearrangements are still largely promotes convergent extension does not operate
elusive. through the canonical pathway involving -catenin.
The dorsal organizer plays a fundamental role in axis Rather, it follows a noncanonical pathway, possibly simi-
formation. Transplantation of the organizer recruits lar to the planar cell polarity signaling pathway de-
neighboring cells into a secondary axis (Spemann and scribed in Drosophila with small GTPases RhoA and Rac
Mangold, 1924; Oppenheimer, 1936; De Robertis et al., and a Jun N-terminal kinase cascade acting down-
2000; Saude et al., 2000; Schier, 2001). The organizer stream of Dsh (Mlodzik, 1999).
thus changes both the fate and morphogenetic behavior The JAK/STAT pathways mediate biological actions
of neighboring cells. The zebrafish organizer is induced in response to cytokines. Stat3, a member of the STAT
family, is activated by a variety of cytokines and growth
factors, including interleukin 6, and is involved in cell3 Correspondence: hirano@molonc.med.osaka-u.ac.jp
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proliferation, differentiation, and survival in the immune
response, hematopoiesis, neurogenesis, and other bio-
logical processes (Darnell, 1997; Hirano et al., 2000). In
skin wound healing, Stat3 is required for the migration
but not the proliferation of keratinocytes (Sano et al.,
1999), indicating that Stat3 plays a crucial role in adult
cell migration. Stat3 knockout (stat3/) mice die before
8.5 days post coitum (Takeda et al., 1997), indicating
that Stat3 is essential not only for adult cells but also
for the early development of the mouse embryo. Devel-
opmental functions for STAT signaling pathways have
also been described for Drosophila and Dictyostelium.
The Drosophila JAK/STAT pathway functions in seg-
mentation, wing-vein formation, and the determination
of sexual identity and is central to the establishment
of planar polarity during Drosophila eye development
(Zeidler et al., 2000). Dictyostelium STAT is required for
normal chemotaxis during early development, for the
correct movement of prestalk cells during terminal dif-
ferentiation and as a repressor regulating stalk-specific
gene expression (Williams, 2000). These observations
raised the possibility that vertebrate STATs might also
have a role in morphogenetic movements during devel-
opment. In zebrafish embryos, stat3, jak1, and jak2b are
expressed before gastrulation. In contrast, stat1, stat5,
and jak2a are expressed after gastrulation (Conway et
al., 1997; Oates et al., 1999; S.Y. and T.H., unpublished
data).
We report here that zebrafish Stat3 is phosphorylated Figure 1. Activation of Stat3 in Zebrafish Embryos
and located in the nucleus on the dorsal side shortly
(A–I) Embryos from the sphere stage (A–C), shield stage (D–F), bud
after the MBT. This activation is caused by the mater- stage (G), and six-somite stage (H–I) were analyzed by whole-mount
nal Wnt/-catenin pathway but does not depend on immunostaining using an anti-pStat3 antibody.
(A, D, and I) Animal pole view; dorsal is to the right.Dharma/Bozozok or Nodal signaling. Stat3 activity is
(B, E, G, and H) Lateral view; animal pole is up, and dorsal is to thenot required for fate specification but is essential for
right.anterior migration and convergence and extension.
(C and F) Sagittal section.These results establish a role for Stat3 in the control of
(J–L) Stat3 activation in 10 ng of a four-base mismatch Stat3 anti-
cell movements during gastrulation. sense morpholino (Stat3D4-MO [J]), 10 ng of a Stat3 antisense mor-
pholino (Stat3-MO [K]), 10 ng of Stat3-MO, and 100 pg of stat3
mRNA (L) coinjected, sphere-stage embryos analyzed with the anti-Results
pStat3 antibody. Animal pole view; dorsal is to the right. Each experi-
ment was carried out in at least ten embryos, and typical resultsStat3 Is Activated on the Dorsal Side
are shown.
by the Maternal Wnt/-Catenin Pathway
The zebrafish stat3 gene is expressed ubiquitously at
blastula stage and then in the anteriormost region of (Figures 1D–1F), and the faint tyrosyl phosphorylation
of Stat3 in the anterior axial mesendoderm was main-the axial mesendoderm at gastrula stage (Oates et al.,
1999). Since Stat3 activity is regulated posttransla- tained at late gastrula and early segmentation stage
(Figures 1G–1I). To confirm the specificity of the anti-tionally by extracellular signals, stat3 RNA expression
does not indicate where Stat3 is active. Previous studies pStat3 monoclonal antibody, we examined whether
pStat3 is detected by whole-mount immunostaininghave demonstrated that the Jak tyrosine kinase phos-
phorylates a conserved tyrosine residue (tyrosine 708 after the injection of a Stat3 antisense morpholino
(Stat3-MO), which is a specific translational inhibitorin zebrafish Stat3) located in the C-terminal region of
Stat3. This leads to the activation of Stat3, which dimer- (Nasevicius and Ekker, 2000). In embryos injected with
Stat3-MO, pStat3 could not be detected in blastula andizes by reciprocal SH2 phosphotyrosine interactions and
enters the nucleus to induce target gene expression gastrula stages (Figure 1K). In contrast, tyrosyl phos-
phorylation of Stat3 was not affected by the injection(Darnell, 1997). To detect the active form of Stat3, we
generated a monoclonal antibody against the peptide of a four-base mismatch Stat3 antisense morpholino
(Stat3D4-MO; Figure 1J) and was rescued in embryoscontaining the phosphorylated tyrosine 708 found in
zebrafish Stat3. Tyrosyl phosphorylated Stat3 (pStat3) coinjected with Stat3-MO and wild-type stat3 RNA con-
taining only a five-base overlap with Stat3-MO but notwas first detected in the nuclei of the blastoderm cells
and yolk syncytial layer (YSL) on one side shortly after in wild-type stat5 RNA (Figure 1L and data not shown).
These data indicated that Stat3 is activated on the dorsalthe midblastula transition (MBT; Figures 1A–1C). There-
after, the pStat3 was restricted to the dorsal hypoblast side shortly after the MBT.
Wnt/-catenin signaling is the central pathway for the(mesendodermal) cells and the YSL at early gastrulation
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al., 1991) andN--catenin (Pai et al., 1997), an activated
form of -catenin, led to the ectopic tyrosyl phosphory-
lation of Stat3, while N-Tcf3 (Molenaar et al., 1996), a
dominant-negative form of Tcf-3, inhibited tyrosyl phos-
phorylation of Stat3 (Figures 2D–2F). These results indi-
cated that the maternal Wnt/-catenin pathway regu-
lates Stat3 activation through gene expression in a
manner dependent on a Tcf transcription factor. Both a
homeobox protein, Dha/Boz, and a Nodal-related pro-
tein, Sqt, have been identified as target genes of mater-
nal Wnt/-catenin signaling and are involved in orga-
nizer formation (Yamanaka et al., 1998; Fekany et al.,
1999; Kelly et al., 2000; Shimizu et al., 2000; Sirotkin et
al., 2000; Ryu et al., 2001). An EGF-CFC protein, Oep,
is an essential extracellular cofactor for Nodal signaling
during vertebrate development and is also involved in
organizer formation (Gritsman et al., 1999). To clarify the
relationship between Stat3 activation and other dorsal
events at the late blastula stage, we examined the acti-
vation of Stat3 in boz, sqt, and MZoep mutant embryos
and also in embryos injected with sqt, an active form of
ActRIB, or an active form of smad2 mRNA. All of these
embryos displayed normal tyrosyl phosphorylation of
Stat3 at the late blastula stage (Figures 2G–2L). Another
pathway active during gastrulation on the dorsal side is
Slb/Wnt11-mediated noncanonical Wnt signaling. Both
slb mutant embryos and embryos injected with wnt11
mRNA displayed normal tyrosyl phosphorylation of
Stat3 at the late blastula stage (Figures 2M and 2N).
These results indicated that Stat3 is activated indepen-
dently of Dharma/Bozozok, Nodal, and Wnt11 signaling,
suggesting that yet to be identified target genes of the
maternal Wnt/-catenin pathway are involved in the acti-
vation of the Stat3 signaling pathway in the dorsal
region.
Figure 2. Regulation of Stat3 Activation in Zebrafish Embryos
Mispositioning of Head and Shortening(A–L) Stat3 activation in controls (A), LiCl-treated (75%, n  28; [B]),
UV-treated (83%, n  36; [C]), 100 pg of wnt8-injected (86%, n  of the Anterior-Posterior Axis in Embryos
29; [D]), 100 pg of N--catenin-injected (81%, n  27; [E]), 100 pg Lacking Stat3 Activity
of N-Tcf3-injected (75%, n  28; [F]), bozozok mutant (70%, n  To address the early embryonic roles of Stat3 in zebra-
30; [G]), squint mutant (63%, n  32; [H]), MZoep mutant (84%, n 
fish embryos, we analyzed embryos lacking Stat3 activ-37; [I]), 100 pg of squint mRNA-injected (87%, n  30; [J]), 100 pg
ity using Stat3-MO. Embryos injected with Stat3-MOof activated ActRIB mRNA-injected (81%, n  27; [K]), 100 pg of
displayed a mispositioned head and shortened anterior-activated smad2 mRNA-injected (81%, n 32; [L]), slb mutant (92%,
n  12; [I]), and 100 pg of wnt11 mRNA-injected (93%, n  30; [J]) posterior axis at the end of gastrulation (Figures 3B
sphere-stage embryos analyzed with the anti-pStat3 antibody. and 3C). The polster, which is the anteriormost axial
(A–N) Animal pole view; dorsal is to the right. Genotyping of mutants mesendoderm and is located near the animal pole in
was performed after the immunostaining.
normal embryos, comes to reside at the dorsoequatorial
position in embryos injected with Stat3-MO (Figures 3B
and 3C, arrowheads). An abnormal thickening at theformation of dorsal fates (Moon and Kimelman, 1998; De
Robertis et al., 2000; Schier, 2001). To examine whether dorsoequatorial region was visible in Stat3-MO-injected
embryos (Figures 3B and 3C, asterisks), and markerStat3 activation is downstream of maternal Wnt/-cat-
enin signaling, we performed whole-mount immuno- gene expression analysis revealed that this region devel-
oped into the brain (Figures 5A–5C). Thus, the anteri-staining using anti-pStat3 antibody in embryos in which
the maternal Wnt/-catenin signaling was up- or down- ormost region in Stat3-MO-injected zebrafish embryos
was displaced90 vegetally relative to its normal posi-regulated. Ultraviolet (UV) treatment (Kao and Elinson,
1988), which prevents activation of the maternal Wnt/ tion at the animal pole. The hypoblast layer was visible
in Stat3-MO-injected zebrafish embryos, but it was-catenin pathway (Jesuthasan and Stahle, 1997), com-
pletely inhibited tyrosyl phosphorylation of Stat3, shortened and thickened (Figures 3B and 3C, arrows).
In Stat3-MO-injected zebrafish embryos, notochord andwhereas LiCl treatment (Kao and Elinson, 1988), which
activates the maternal Wnt/-catenin pathway by inhib- somites were not morphologically distinct (Figure 3F),
but marker gene expression and cell tracing analysesiting GSK3 activity, induced an ectopic tyrosyl phos-
phorylation of Stat3 (Figures 2A–2C). Furthermore, over- revealed that the axial and paraxial mesodermal region
in Stat3-MO-injected zebrafish embryos was widerexpression of Wnt8 (Smith and Harland, 1991; Sokol et
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4E and 4J, arrowheads), suggesting that anterior move-
ment of the axial mesendoderm was severely impaired,
whereas the internalization movement was normal. Con-
sistent with this, the germ ring (the mesendodermal hy-
poblast layer formed by the internalization of marginal
cells) and the embryonic shield (a thickening at the dor-
sal margin, the gastrula organizer) in Stat3-MO-injected
embryos were evident at the shield stage (Figures 4A
and 4F). Furthermore, a vegetal-ventral thickening was
apparent at the late gastrula stage in Stat3-MO-injected
embryos (Figures 4E and 4J, arrows), suggesting that
the dorsal convergence of the ventral-lateral hypoblast
cells was reduced in the Stat3-MO-injected embryos.
The movements of epiboly, which drive cells vegetally,
occurred normally in Stat3-MO-injected embryos. To-
gether, these results indicated that Stat3-depleted ze-
brafish embryos retain the ability to form mesendoderm,
organizer, and dorsal-ventral and anterior-posterior po-
larity and to initiate internalization and epiboly move-
ments during gastrulation. In contrast, in Stat3-MO em-
bryos, the axial mesendodermal cells do not move
anteriorly and the dorsal convergence of nonaxial meso-
dermal cells is reduced, resulting in severe impairment
of head positioning and anterior-posterior axis ex-
tension.
The expression of several marker genes also high-
Figure 3. Effect of Stat3-Mediated Signaling in Early Embryo- lighted the morphological abnormalities associated with
genesis the loss of Stat3 function. In Stat3-MO-injected embryos
Live embryos at the one-somite stage; animal pole is up, and dorsal at the late gastrula stage, the goosecoid (gsc)-express-
is to the right (A–D) or dorsal view (E–F). ing domain, which consists of prechordal mesendoderm
(A and E) Normal control embryo injected with 10 ng of Stat3D4- (prospective prechordal plate), resided at the dorsal-
MO (86%, n  42).
medial position instead of at the animal pole, as in nor-(B, C, and F) Embryo depleted of Stat3 by the injection of 10 ng of
mal embryos (Figure 5D, arrowhead). The expressionStat3-MO (severe phenotype [B] and [F] 67%, moderate phenotype
domain of ntl/brachyury in the dorsal midline during[C] 33%, n  36).
(D) Phenotype of Stat3-MO-injected (10 ng) embryos after the micro- gastrulation, which represents chordamesoderm (pro-
injection of 100 pg mRNA encoding Stat3 at the one-cell stage. spective notochord), was shorter and wider in Stat3-
Stat3-MO-injected embryos coinjected with stat3 mRNA appeared MO-injected embryos (Figure 5E and 5H, arrowheads).
fully rescued at the one-somite stage (79%, n  33). The location Analogously, the expression domain of axial (axl)/foxA2
of the head, polster (the most anterior part of hypoblast layer), and
(Figures 5F and 5I, arrowheads) and cyclops (Figure 5K)chordal mesoderm are highlighted by an asterisk, arrowhead, and
in the axial mesendoderm was mediolaterally expandedarrow, respectively.
and shortened in the anterior-posterior axis in Stat3-
MO-injected embryos. Furthermore, axl/foxA2-express-
ing endodermal precursors at the late gastrula stage
along the mediolateral axis at the end of gastrulation
were mispositioned in Stat3-MO-injected embryos (Fig-
(Figures 5H, 5I, 5K, 5L, 6D, 6H, 6L, and 6P). In contrast, ure 5F and 5I, arrows).
the injection of Stat3D4-MO did not lead to any obvious Consistent with normal fate specification and region-
phenotype (Figure 3A). Moreover, the abnormal pheno- alization in Stat3 deficient embryos at late gastrula
type caused by Stat3-MO injection was rescued by the stages, normal expression of these genes was observed
coinjection of wild-type stat3 RNA but not wild-type at earlier stages of development. In Stat3-deficient ze-
stat5 RNA (Figure 3D and data not shown). Together with brafish embryos, the mesoderm-inducing signal sqt at
the absence of pStat3 in Stat3-MO embryos (Figures the late blastula stage (Figure 5P), the pan-mesodermal
1J–1L), these results suggested that Stat3-MO specifi- marker ntl/brachyury at the early gastrula stage (Figure
cally affects translation of Stat3 and indicated that Stat3 5M), and slb/wnt11 were expressed normally (Figure
activity is involved in cell fate specification and/or cell 5J) as were the genes encoding the dorsalizing factor
movements during gastrulation. Chordin and the ventralizing factor Bmp2 (Figures 5N
and 5O). Consistent with this, the dorsalizing signal dha/
boz and antidorsalizing factors vega1/vox were ex-
Stat3 Is Essential for the Cell Movements pressed normally at the late blastula stage in Stat3-MO-
during Gastrulation but Not for the Formation injected embryos (Figures 5Q and 5R). These results
of Mesendoderm or the Organizer indicated that Stat3 plays essential roles during gastru-
To analyze the morphogenesis of Stat3-depleted em- lation by affecting cell movements, without significantly
bryos in more detail, we performed a time course analy- altering the early cell fate specification of mesendoder-
sis during gastrulation. The phenotype was apparent at mal cells. Importantly, these abnormalities in morphol-
the late gastrula stage, when the polster forms more ogy and gene expression patterns observed in Stat3-
deficient embryos resemble those exhibited by mutantsposteriorly in embryos injected with Stat3-MO (Figures
Stat3 Controls Gastrulation Movements
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Figure 4. Morphogenesis of Stat3-Depleted Embryos during Gastrulation
(A–E) Normal control embryo injected with Stat3D4-MO; the same embryo is shown at all stages.
(F–J) Stat3-depleted embryo injected with Stat3-MO; the same embryo is shown at all stages. Animal pole is up, and dorsal is to the right.
65%, 75%, and 90% indicate the 65%-, 75%-, and 90%-epiboly stages, respectively. The arrowhead indicates the anterior edge of the dorsal
hypoblast layer. Note the formation of the embryonic shield ([A] and [F], arrowheads), the hypoblast layer, and the polster ([E] and [J],
arrowheads). The tailbud forms at the vegetal pole at the end of epiboly in normal control embryos ([E], arrow). In Stat3-depleted embryos,
vegetal-ventral thickening ([J], arrow) is apparent.
with defective convergence and extension movements activity of the lateral mesendodermal cells caused by
Stat3-MO injection was rescued by the coinjection of(Heisenberg et al., 2000; Sepich et al., 2000; Topczewski
et al., 2001). wild-type stat3 RNA (Figure 6R; 60  9, n  10).
Next, we tested the possibility that defective cell
movements result from altered cell fate decisions (Sep-Stat3 Is Required for the Anterior Movements
ich et al., 2000; Topczewski et al., 2001). Despite im-of Axial Mesoderm and for the Dorsalward
paired dorsalward movements, labeled lateral cells inMovements of Nonaxial Mesoderm
the Stat3-MO-injected embryos undergo normal cellTo further clarify how Stat3 affects cell movements dur-
specification, as indicated by their expression of parax-ing gastrulation, we performed cell-tracing experiments
ial protocadherin (papc; Yamamoto et al., 1998; Figuresin zebrafish embryos using 4,5-dimethoxy-2-nitrobenzyl
6L and 6P). In addition, papc expression in the forming(DMNB)-caged fluorescein dextran (Kozlowski et al.,
somites was wider, reflecting reduced convergence1997; Sepich et al., 2000; Topczewski et al., 2001; Figure
(Figure 5L). Significantly, the labeled cell arrays were6). Caged fluorescein was injected with Stat3D4-MO
shorter in the Stat3-MO-injected embryos (Figuresor Stat3-MO into one-cell stage embryos. Cells in the
6M–6O; 38  3 m to 464  53 m, n  10, a 12-embryonic shield were marked by UV-mediated uncag-
fold change) than in the control Stat3D4-MO-injecteding at the shield stage, and their locations were traced
embryos (Figures 6I–6K; 38  9 m to 626  4 m,during gastrulation. In the control Stat3D4-MO-injected
n  10, a 16-fold change), suggesting that extensionembryos, the marked cells were distributed in the dorsal
movements of lateral tissues were also compromised.axial hypoblast along the entire length of the AP axis at
These data indicated that, in agreement with the resultsthe end of gastrulation (Figures 6A–6C and 6Q; 121 
of the phenotypic and gene expression analyses (Fig-12, n 10), consistent with previous reports (Topczew-
ures 3–5), Stat3 is required for the anterior movementsski et al., 2001). In contrast, in the Stat3-MO injected
of the axial mesendoderm and for the convergence andembryos, the anterior movement of the marked cells
extension of the nonaxial mesendoderm, without affect-was severely perturbed, resulting in shortened axial
ing cell fate specification.mesoendoderm (Figures 6E–6G and 6Q; 56  5, n 
10). The reduced anterior movement caused by Stat3-
MO injection was rescued by the coinjection of wild- Stat3 Acts Cell Autonomously in Prechordal Plate
Progenitor Migration and Non-Celltype stat3 RNA (Figure 6Q; 131  18, n  10).
To monitor dorsal convergence movements, cells in Autonomously in Paraxial Cell Convergence
To examine whether Stat3 acts cell autonomously orthe lateral blastoderm margin, 90 from the dorsal em-
bryonic shield, were marked at the shield stage. In the non-cell autonomously in these cell movements, we
transplanted blastomeres obtained from Stat3-depletedcourse of gastrulation, the marked cells in the control
Stat3D4-MO-injected embryos moved dorsally and an- embryos into normal embryos and vice versa (Ho and
Kane, 1990; Figure 7). Prechordal mesendodermalteriorly (Figures 6I–6K and 6R; 62  8, n  10), and
extended along the anterior-posterior axis (see below) (PCME) cells from the embryonic shield of Stat3-MO-
injected donor embryos and Stat3D4-MO-injected con-at the end of gastrulation, as previously reported (Sepich
et al., 2000; Topczewski et al., 2001). In the Stat3-MO- trol donor embryos were cotransplanted deeply into the
embryonic shield of a normal host embryo that had beeninjected embryos, the anterior movement (see below)
and convergence of the lateral mesendodermal cells injected with Stat3D4-MO. PCME cells from the control
donors migrated anteriorly to the animal pole (Figuretoward the dorsal side were severely impaired (Figures
6M–6O and 6R; 14  8, n  10). The reduced migratory 7A, green and Figure 7I, lane 1; 65  6, n  10). In
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Figure 5. Marker Gene Expression in Stat3-Depleted Embryos
Expression of mRNA was detected by whole-mount in situ hybridization.
(A–F, N–O, and Q–R) Lateral view; animal pole is up, and dorsal is to the right.
(G–I, K, and L) Dorsal view; animal pole is up.
(J, M, and P) Animal pole view; dorsal is to the right. Expression of anf (A) and six3 (B) in forebrain and pax2 (C) in the midbrain-hindbrain
boundary at the one-somite stage.
(D and G) goosecoid in prechordal mesendoderm (arrowheads) at the bud stage.
(E and H) no tail/brachyury at the bud stage in the chordamesoderm (arrowheads) and margin.
(F and I) axial/foxA2 at the bud stage in the axial mesoderm (arrowheads) and endoderm progenitors (arrows).
(J) silberblick/wnt11 in mesoderm at the shield stage.
(K) cyclops at the 90%-epiboly stage in the axial mesoderm.
(L) papc at the one-somite stage in presomitic mesoderm.
(M) no tail/brachyury in mesoderm at the shield stage.
(N) chordin in the dorsal region at the shield stage.
(O) bmp2 in the ventral region at the shield stage.
(P) squint in mesendodermal progenitors at the 30%-epiboly stage.
(Q) dharma in the dorsal yolk syncytial layer at the 30%-epiboly stage.
(R) vega1 in the complementary region of dharma-expressing cells at 30% epiboly. Each experiment was carried out using at least ten embryos,
and typical results are shown.
contrast, the transplanted Stat3-depleted cells failed to control embryos and the Stat3-depleted embryos were
segregated into different locations in the normal hostmigrate (Figure 7A, red and Figure 7I, lane 2; 5  4, n 
10). At the end of gastrulation, cells originating from the embryo (Figure 7A). Furthermore, when the experiment
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Figure 6. Requirement of Stat3 for Coordinated Cell Movements during Gastrulation
(A–D) Axial mesendodermal cells in a normal control embryo injected with Stat3D4-MO; the same embryo is shown at all stages.
(E–H) Axial mesendodermal cells in a Stat3-depleted embryo injected with Stat3-MO; the same embryo is shown at all stages.
(I–L) Lateral mesendodermal cells in a normal control embryo injected with Stat3D4-MO; the same embryo is shown at all stages.
(M–P) Lateral mesendodermal cells in a Stat3-depleted embryo injected with Stat3-MO; the same embryo is shown at all stages. Animal pole
is up, and dorsal is to the right in (A–C), (E–G), (I–K), and (M-O). Dorsal view; animal pole is up in (D), (H), (L), and (P).
(D and H) Large magnification of chordal region of (C) and (G), respectively.
(L and P) To assess cell fate specification, lateral cells were labeled as in (I) and (M) and visualized at the one-somite stage with antifluorescein
antibody (red) in Stat3D4-MO (L) and Stat3-MO-injected embryos (P) with respect to papc expression (purple) in the forming somites. Each
experiment was carried out at least ten times, and the results shown here represent one experiment with typical results.
(Q and R) Graph compares anterior migration (Q) and dorsal migration (R) of labeled cell groups in control Stat3D4-MO-injected embryos
(green), Stat3-MO-injected embryos (red), and embryos that were coinjected with Stat3-MO and stat3 mRNA (blue).
(Q) Anterior migration was quantified by the position of the labeled cells at the bud stage (indicated by an arrow) relative to initial position at
the shield stage (indicated by an arrowhead). The lateral view of the embryo is presented; animal pole is up, and dorsal is to the right.
(R) Dorsal migration was quantified by the position of the labeled cells at the bud stage (indicated by an arrow) relative to initial position at
the shield stage (indicated by an arrowhead). The animal pole view of the embryo is presented; dorsal is to the right. Each experiment was
carried out ten times, and the mean and SD are shown.
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Figure 7. Autonomous and Nonautonomous Roles of Stat3 during Gastrulation
(A–D) Stat3 acts cell autonomously in migrating gastrula organizer cells.
(A and B) Prechordal mesendodermal (PCME) cells of the shield region of a normal control donor injected with control Stat3D4-MO (Stat3D4-
MO PCME, green) and PCME cells from a Stat3-depleted donor injected with Stat3-MO (Stat3-MO PCME, red) were transplanted into the
shield region of a normal host injected with control Stat3D4-MO (Stat3D4-MO Host [A]) or a Stat3-depleted host (Stat3-MO Host [B]). The
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was performed using Stat3-depleted host embryos, the cells were transplanted into Stat3-depleted host em-
bryos was rescued by the shield transplantation ofcells from the control donors migrated anteriorly, and
the polster and head formed near the animal pole (Figure PCME cells from Stat3D4-MO-injected donors (Figure
7G, red and Figure 7J, lane 5; 67  4, n  10). The7B, green and Figure 7I, lane 4; 58  8, n  10). The
reduced anterior migration of the Stat3-MO-injected PCME cells from the embryonic shield in Stat3D4-MO-
injected donors migrated to the most anterior part ofcells was rescued by the coinjection of wild-type stat3
mRNA in normal control host (Figure 7C, red and Figure prechordal mesendoderm in Stat3-depleted host em-
bryos by the end of gastrulation (Figure 7G, green). In7I, lane 3; 66  3, n  10) or in Stat3-depleted host
(Figure 7D, red and Figure 7I, lane 6; 62  3, n  10). contrast, the transplantation of LME cells from Stat3D4-
MO-injected donors into the embryonic shield of Stat3-These results indicated that Stat3 acts cell autono-
mously in the anterior migration of the prechordal mes- MO-injected hosts could not rescue the convergence
defect of the lateral mesendodermal cells (Figure 7H,endoderm. In addition, the forebrain region in Stat3-
depleted host embryos appeared to be in a more normal red and Figure 7J, lane 6; 25 4, n 10). These results
indicated that Stat3 acts non-cell autonomously in the(anterior) position when transplanted wild-type PCME
cells migrated appropriately (Figures 7B and 7D). This convergence of the paraxial mesoderm and that its ac-
tivity is required in migrating prechordal mesendoderm.finding suggested a cell-nonautonomous effect of trans-
planted wild-type prechordal cells on the positioning of Together, these results provide evidence that Stat3 is
required in cells derived from the organizer to coordinateneighboring tissues, such as the forebrain.
We then cotransplanted lateral mesendodermal (LME) cell movements during gastrulation both cell autono-
mously and non-cell autonomously.cells from the lateral blastoderm margin of Stat3-MO-
injected donor embryos and Stat3D4-MO-injected con-
trol donor embryos into the lateral blastoderm margin Discussion
of a normal shield-stage embryo that had been injected
with Stat3D4-MO. LME cells from both the control and Wnt/-Catenin-Dependent Stat3 Activity Controls
Cell Movements during GastrulationStat3-depleted donors converged to the dorsal side in
a similar manner (control donor: Figure 7E, green and Our studies establish that Stat3 activity in dorsal mesen-
doderm is essential for normal cell movements duringFigure 7J, lane 1; 68 3, n 10; Stat3-depleted donor:
Figure 7E, red and Figure 7J, lane 2; 70  4, n  10). gastrulation. Stat3 activity is required autonomously for
the anterior migration of prechordal plate cells; it is alsoIn contrast, when these cells were transplanted into the
lateral blastoderm margin of a shield-stage embryo that required in these cells for nonautonomous effects on
the convergence of paraxial mesoderm. Five lines ofhad been injected with Stat3-MO, they failed to con-
verge to the dorsal side (control: Figure 7F, green and evidence support the idea that Stat3 activity controls
cell movement during gastrulation without affectingFigure 7J, lane 3; 25 4, n 10; Stat3-depleted: Figure
7F, red and Figure 7J, lane 4; 25  4, n  10). The early cell fate specification. First, all marker genes exam-
ined are still expressed in Stat3-MO embryos. Second,reduced convergence seen when Stat3-MO-injected
following panels (A–H) show the lateral view of the same embryo taken at the shield and bud stage for each experiment.
(C and D) PCME cells from a normal control donor (Stat3D4-MO PCME, green) and PCME cells from a donor injected with Stat3-MO together
with stat3 RNA (Stat3-MO  Stat3 PCME, red) were transplanted into the shield region of a normal host (Stat3D4-MO Host [C]) or a Stat3-
depleted host (Stat3-MO Host [D]).
(E–H) Stat3 acts non-cell autonomously in recruiting neighboring cells.
(E and F) Lateral mesendodermal (LME) cells from a normal control donor (Stat3D4-MO LME, green) and a Stat3-depleted donor (Stat3-MO
LME, red) were transplanted into the lateral side of a normal host (Stat3D4-MO Host [E]) or a Stat3-depleted host (Stat3-MO Host [F]).
(G and H) LME cells from a Stat3-depleted donor (Stat3-MO LME, red) and PCME cells from a normal control donor (Stat3D4-MO PCME,
green) were transplanted into the lateral side and shield region of a Stat3-depleted host (Stat3-MO Host), respectively. In the case in (H), LME
cells, instead of PCME cells obtained from a normal control donor (Stat3D4-MO LME, green), were transplanted into the shield region of the
Stat3-depleted host. All panels in (A–H) are lateral views, with dorsal to the right. Each experiment was carried out at least ten times, and the
results shown here represent one experiment with typical results.
(I and J) Quantification data of anterior migration (I) and dorsal migration (J) obtained based on the same experiments described in (A–D) and
(E–H), respectively.
(I) Anterior migration was quantified by the position of the transplanted PCME cells at the bud stage (indicated by an arrow) relative to initial
position at the shield stage (indicated by an arrowhead). The lateral view of the embryo is presented; animal pole is up, and dorsal is to the
right. PCME cells from normal control donor (lanes 1 and 4), Stat3-depleted donor (lanes 2 and 5), and Stat3-depleted donor, which was
rescued by stat3 RNA injection (lanes 3 and 6), were transplanted into control normal host (lanes 1–3) or Stat3-depleted host (lanes 4–6).
(J) Dorsal migration was quantified by the position of the transplanted LME cells at the bud stage (indicated by an arrow) relative to initial
position at the shield stage (indicated by an arrowhead). The animal pole view of the embryo is presented; dorsal is to the right. The LME
cells from normal control donor (lanes 1 and 3) and Stat3-depleted donor (lanes 2 and 4–6) were transplanted into the lateral side of control
normal host (lanes 1 and 2) and Stat3-depleted host (lanes 3–6). In addition, PCME (lane 5) or LME (lane 6) cells from control normal donor
were transplanted into the shield region of the Stat3-depleted host. Each experiment was carried out using ten embryos. The SD was indicated
by bar.
(K and L) Model of the interactions between Stat3 and other signaling molecules involved in the organizer formation and gastrulation movements.
(K) After the MBT, the maternal Wnt/-catenin pathway induces Squint, Dharma/Bozozok, and an unknown molecule, X, capable of activating
Stat3, leading to the activation of Smad2 and Stat3. X/Stat3 and Squint/Smad2 signaling act synergistically to control the cell movements
during gastrulation.
(L) During gastrulation, Stat3 is required cell autonomously in the migrating prechordal mesendoderm. In converging axial and paraxial
mesoderm, the activities of Stat3 in medial tissue and Wnt11 in lateral tissue are required non-cell autonomously.
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morphological features of anterior dorsal mesendoderm the Rac1 GTPase (Simon et al., 2000) suggests that such
an interaction is one of the possible mechanisms for theare evident throughout gastrulation in Stat3-depleted
embryos, but their location at the late gastrula stage is cell-autonomous requirement of Stat3 in the anterior
migration of the axial mesendoderm. Alternatively, Stat3displaced (Figures 3 and 4). Third, the expression of
mesendoderm-specific genes at the early gastrula stage may regulate the activation of adhesion molecules
through chemokine signaling, which integrates directedis normal and maintained at the late gastrula stage in
Stat3-depleted embryos, but their expression domains cell movement in both hematopoiesis and embryogene-
sis. During gastrulation of the mouse, the chemokineat the late gastrula stage are mispositioned (Figures
5D–5F). Fourth, in Stat3-depleted zebrafish embryos, receptor CXCR4 and its ligand, stromal cell-derived
factor-1 (SDF-1), are expressed in migrating cells (meso-the expression of mesendoderm-inducing signals and
dorsalizing and ventralizing factors is normal at the late derm and definitive endoderm) and in embryonic ecto-
derm cells, respectively (McGrath et al., 1999). Further-blastula and early gastrula stages (Figures 5M–5R). Fi-
nally, despite impaired dorsalward movements, lateral more, SDF-1/CXCR4 signaling activates the JAKs/
STATs pathway in human T cell lines (Vila-Coro et al.,cells in the Stat3-MO-injected embryos undergo normal
cell specification (Figures 6L and 6P). 1999).
We found that the activation of Stat3 on the dorsal
side, including the future organizer, is caused by the Non-Cell Autonomous Requirement of Stat3
maternal Wnt/-catenin pathway and requires a Tcf in Convergence and Extension
transcription factor but does not depend on Dharma/ of Paraxial Mesoderm
Bozozok or Nodal signaling (Figures 1 and 2). Accord- Zebrafish Slb/Wnt11 has previously been shown to con-
ingly, boz mutants do not exhibit the morphological ab- trol convergent extension movements during zebrafish
normalities associated with convergence and extension gastrulation via a noncanonical Wnt pathway (Heisen-
defects (Solnica-Krezel et al., 1996; Solnica-Krezel and berg et al., 2000). These and other findings have sug-
Driever, 2001). However, the mispositioning of the head gested that a vertebrate equivalent of the Wnt/fz/dsh
in Stat3-depleted embryos is reminiscent of a similar signaling cascade that controls Drosophila planar cell
defect in Nodal signaling mutants, such as MZoep or polarity is also required for the convergence and exten-
cyc;sqt mutants (Feldman et al., 1998; Gritsman et al., sion movements during gastrulation. We now find that
1999). Since manipulations of Nodal activity do not affect Stat3 also acts in the convergence and extension of
STAT signaling or vice versa, our results suggest that paraxial mesoderm. wnt11 expression is normal in
Nodal signaling and Stat3 act in parallel. It is conceivable Stat3-depleted embryos, and Stat3 is activated normally
that these two pathways converge on some common in slb/wnt11 mutants (Figures 2M, 2N, and 5J). More-
downstream genes that are required for normal head over, Stat3 is required in axial mesoderm cells (Figures
positioning. Interestingly, interactions between Smad 1A–1I, 7G, and 7H), whereas Slb/Wnt11 is required in
and Stat pathways have been described in the syner- more lateral cells (Heisenberg et al., 2000). These results
gistic signaling in the fetal brain by a Stat3-Smad1 com- suggest that Slb/Wnt11 and Stat3 act in parallel in the
plex bridged by p300 (Nakashima et al., 1999). control of convergence and extension. In Drosophila
Our results suggest that an upstream molecule capa- eye morphogenesis, ommatidial polarity is determined
ble of activating Stat3 in early embryogenesis is one of nonautonomously by JAK/STAT signaling via the regula-
the targets of the maternal Wnt/-catenin pathway and tion of a second signaling molecule (Strutt and Strutt,
is not Squint or Dharma/Bozozok (Figure 2). Among the 1999). The ommatidia appear to sense the local gradient
receptors that have been shown to activate Stat3, mice of the second signal and rotate accordingly. Our results
deficient in gp130, LIF-R, CNTF-R, PDGF-R, EGF-R, and raise the possibility that not only conserved Wnt/fz/dsh
HGF-R are lethal. However, the period of embryonic interactions but also JAK/STAT signaling regulate both
death in the stat3/ mice is much earlier (Takeda et ommatidial polarity in Drosophila and convergence and
al., 1997). Therefore, Stat3 may be activated in early extension in vertebrates (Figure 7L).
embryogenesis through an as yet unidentified cytokine
Experimental Proceduresor growth factor that is one of the targets of the maternal
Wnt/-catenin pathway (Figure 7K).
Morpholinos
Morpholinos were obtained from Gene Tools, LLC, and were de-
Cell Autonomous Requirement of Stat3 signed to bind to the sequences flanking and including the initiating
methionine. Sequences were as follows (sequence complementaryin Prechordal Plate Progenitor Migration
to the predicted start codon is underlined): Stat3-MO, 5	-GCCATGTHow does Stat3 autonomously regulate the anterior mi-
TGACCCCTTAATGTGTCG-3	; Stat3D4-MO, 5	-GCCtTGTaGACCCgration of prechordal plate progenitors? An active mi-
CTTAAaGTGaCG-3	.
gration of prechordal cells is initiated by Gsc in Xenopus
embryos (Niehrs et al., 1993). However, gsc is expressed Morpholino and mRNA Injections
normally in Stat3-deficient zebrafish embryos (Figures Morpholino oligonucleotides were injected into the yolk of one-cell
stage embryos. Synthetic stat3 mRNA was injected into the yolk of5D and 5G and data not shown). In mouse, amphibian,
embryos previously injected with the Stat3 morpholino. The se-and fly embryos, integrins, FAK, regulators of cytoskele-
quence of the stat3 mRNA used contained only a five-base overlaptal reorganization (the small GTPases), and their activa-
with Stat3-MO, a level of overlap that is insufficient for morpholinotors have been implicated in the migration of mesoder-
targeting (Summerton and Weller, 1997). The following plasmids
mal cells during gastrulation (Yang et al., 1993; Ilic et al., were linearized, and sense strand capped mRNA was synthesized:
1995; Barrett et al., 1997; Hacker and Perrimon, 1998). A pCS2 Stat3 (NotI, SP6), pCS2Wnt8 (NotI, SP6; Ryu et al., 2001),
pCS2N--catenin (XbaI, SP6; Ryu et al., 2001), pcDNA3-dnXTcf3recent report showing the direct binding of Stat3 and
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(XbaI, T7; Ryu et al., 2001), pCS2  Squint (NotI, SP6; Feldman et McKnight Endowment Fund for Neuroscience and the Irma T. Hirschl
Trust and supported by grants from the NIH.al., 1998), pSP64T-ALK4-HA-T206E (activated human ActRIB; XbaI,
SP6; Chang et al., 1997), pCS  cytgal-madr2(C) (-galactosidase
fusion with N-terminally truncated mouse Smad2; XbaI, SP6; Baker Received November 5, 2001
and Harland, 1996), and pCS2  Zwnt11 (NotI, SP6; Heisenberg et Revised November 28, 2001
al., 2000).
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